Summary. The performance of wells in solution-gas-drive reservoirs during the boundary-dominated flow period is examined. Both constant-wellbore-pressure and constant-oil-rate production modes in closed systems are considered. For the constant-wellbore-pressure production mode, Arps' performance-prediction equations are examined, and predictions of future performance are shown to be strong functions of well spacing, well condition, and fluid properties. The parameters b (the decline exponent) and d i (the initial decline rate) in the Arps equations are expressed in terms of physical properties. The conditions under which these equations can be used are specified. An empirical procedure to predict production rates is also presented. In the case of constant-oil-rate production, an expression to correlate the pressare distribution in the reservoir is presented. The correlating function permits us to extend the definition of pseudosteady-state flow to solution-gas-drive systems. Its use also allows the simultaneous computation of average properties (pressure and saturation) during boundary-dominated flow from wellbore information.
Introduction
This work documents some theoretical results that are useful for predicting well performance from production data in solution-gasdrive reservoirs during the boundary-dominated flow period. In the process of documenting these results, we also furnish theoretical support for empirical observations that exist on this subject.
Both constant-wellbore-pressure and constant-oil-rate production modes in circular closed systems are considered. The outcomes presented are based on the theoretical results presented in Refs.
1 and 2. Specifically, the results given here follow from our ability to correlate responses of solution-gas-drive systems with the response of a slightly compressible liquid flow during the boundarydominated flow period for constant-oil-rate and constant-wellborepressure production modes.
This work is divided into three parts. First, the theoretical results related to boundary-dominated flow given in Refs. I and 2 are outlined to establish a framework for findings presented in this paper. Second, the case of a well flowing at a constant pressure during the boundary-dominated flow period is analyzed. For this case, Fetkovich 3 showed that Arps,4 empirical family of curves can be combined with the slightly compressible liquid flow solution (exponential decline response 5 ) to obtain a family of curves that can be used to predict future performance and to estimate the reservoir PV. Refs. 1 and 6 report that during the boundarydominated period, the rate response vs. time does not match a fixed value of the decline exponent, b, in the type curves of Ref. 3 . An explanation for this observation is presented. Refs. 3 and 7 emphasize that b must be less than or equal to unity, but note that if transient data are used, the value of b in the Arps solution can be greater than unity. The development for transient flow given in Ref. 8 is used to provide a theoretical justification for this observation. An empirical procedure to predict production rates of wells produced at a constant pressure over short time spans is also presented. Third, the situation when production is held at a constant oil rate is considered. For this case, it is known from Refs. 1,2, and 9 that the reservoir does not achieve the pseudosteady-state condition; i.e., the derivative of pressure with respect to time is not constant and is not independent of position in the reservoir. In this work, a correlation for the pressure distribution in the reservoir during the boundary-dominated flow period is developed. This correlating function allows an extension of the pseudosteady-state concept to solution-gas-drive reservoirs. Furthermore, this function allows simultaneous compu~tion of the values of average pressure, p, and average saturation, So, from wellbore information.
The numerical results presented in this paper were obtained with a finite-difference model described in Ref. 1 . Procedures followed to ensure the accuracy of the solutions are given in Refs. 1 and 2.
Mathematical Model
A homogeneous closed cylindrical reservoir with a fully penetrating well located at its center is considered. The well is capable of producing at either a constant oil rate or a constant wellbore pressure. An annular region concentric with the wellbore, with a different permeability from the formation is used to include the effect of a skin region. 10 The effects of gravity, capillary pressure, and non-Darcy flow are not considered.
Figs. 1 and 2 show the PVT properties of fluids used in this work. Fig. 3 presents relative permeability data. The data sets shown in Figs. 1 through 3 are identical to the data sets considered in Refs. 1,2, 8, and 11 and are used here mainly to preserve continuity. The conclusions derived in this work do not depend on the specific data used in the simulations. (2) and r=radius corresponding to the position in the reservoir at whichp(r)=p. During the boundary-dominated flow period, r"'" Ref. 1 establishes that during boundary-dominated flow, the following results are valid: 
PRESSURE. p. psi and tAD=tDr~/A, with the dimensionless time, tD, defined as
where At and 0 = system mobility and compressibility, respectiveIy, corresponding to P (and So), At and 0 are given by where -y=Euler's constant and C A = shape factor. It can be shown that the average reservoir pressure and flow rate are related by
-D l-exp ---;;-. . ...... (14) Ref. 1 also shows that for solution-gas-drive systems, the following relation is valid: This inequality explains why the data points in terms of tAD in The results in this section form the framework for the findings presented in this work.
Results
As explained in the Introduction, the results of this paper are presented in two sections. We start by considering the case of constantwellbore-pressure production mode. In this section, we establish conditions under which procedures to analyze rate data available in the literature are justified and furnish theoretical support for empirical observations existing on this subject. A procedure to predict production rates of reservoirs produced at a constant pressure is presented.
We then examine the case of production at a constant oil rate and present a correlation for the form of the pressure distribution in the reservoir. This correlation provides an extension of the pseudosteady-state concept to solution-gas-drive reservoirs.
Constant-Pressure Production Mode. Analysis of Arps, 4 Performance-Prediction Equations. On the basis of the success in correlating the average pseudopressure in terms of both dimensionless times tAD and tAD, we use these results to examine the assumptions involved in using the Arps4 equations for performance predictions.
. Differentiating Eqs. 15 and 5 with ~pect to time, considering the definitions of tD (Eq. 10) and tD (Eq. 6), we obtain -1 kha dp
kha dp where Np = cumulative oil production. Eq. 19 shows the relative importance that parameters like relative permeability, PVT data, and PV have in the prediction of future performance. Substituting the right sides of Eqs. 15 and 18 for the second and first expressions in the 'left side of Eq. 17, respectively, and simplifying, we obtain 
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Eq. 20 implies that if Atlc t is approximately constant with time, then we would obtain a straight line by plotting log qo vs. time. This observation may also be expected on intuitive grounds, based on single-phase-flow theory.
We can relate Eq. 20 with the decline-curve equations of Arps4 as follows. As is well known, the Arps equations can be written as (22) for hyperbolic decline. Arps' equations are applicable only for boundary-dominated flow. In these expressions, t represents time since the rate was qoi' The variables d i and b in Eqs. 21 and 22 are considered to be constants and represent the nominal rate at which decline takes place and the decline exponent, respectively. For exponential decline b=O, and for harmonic decline b=l; in general, b is in the range Osbs 1. Considering Eqs. 20 
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Thus, we can deduce from Eq. 23 that the rate will decline in an exponential form only in the case when ~llct is approximately constant. From Eq. 23 it is clear that d i is dependent on both rock and fluid properties of the reservoir, the physical reservoir dimensions, and the wellbore condition (see also Ref. 15 ).
Our simulation results indicate that for the assumptions in this study, the function ctlA I does not remain constant with time. This point is illustrated in Fig,_ 5 , which presents results for both data sets. The variation in C/At with time is clearly significant. These results are typical of all simulations we conducted and also appear to be typical of results in Ref. 6 .
The variable b can be obtained byl6
:t (1 (24) From Eq. 20 it can be shown that
Thus, combining Eqs. 24 and 25, we obtain (26) From Eq. 26 , we observe that b will be a constant as long as erIAl varies linearly with time.
The observations regarding d i and b, which have not been presented before to our knowledge, demonstrate the assumptions that are inherent in using the Arps relations to analyze data or to predict future performance. Because both d i and b depend on relative permeability and fluid properties, a simple material-bal~ce equation like Muskat'sl2 can be used to study the variation in A/C I for any specific situation to determine the consequences of using the Arps equations. This observation also applies to gas reservoirs.17 More interesting and important is that these equations clearly indicate that predictions of future performance are strong functions of well spacing, the well condition, and fluid properties, and thus, they also furnish a theoretical support for the concerns expressed in Ref. 18 about the use of the production-rate decline curves for flow-rate predictions. For gas reservoirs, Fraim and Wattenbarger I7 also observed that the rate-vs.-time plot does not match a fixed value of the decline exponent. 8 . The match shown here follows the b=O.7 curve at early times. At later times, the res2.onses cut across several curves because, for these simulations, ctlA t is not a linear function of time. As already mentioned, similar behavior is reported in Refs. 6 and 17.
The fact that the value of b is not constant in most of the theoretical studies reported in the literature deserves comment. First one must consider whether one can obtain a constant value of b for constant-pressure production. We found that b generally is not a constant for constant-pressure production. Second, one must consider the nature of the wellbore pressure response when the production is forced to follow a specific value of b in the Arps equations. Computations suggest that the production mode must be a variablepressure/variable-rate mode if the rate is to follow a specific b value. In some cases, we noted that to follow a specific value of b, the wellbore pressure must increase with time (assuming that the skin zone properties and drainage area remain constant with time). Third, if we assume constant-pressure production, then Eq. 26 indicates that the only possibility to obtain a constant b is for the product DAd(ct/~t)/dt to be a constant. Because D includes the skin factor, this reasoning leads to the argument that variable skin factors may account for a constant value of b. One obvious possibility to obtain a variable skin factor is non-Darcy flow. Fetkovich* also suggested this possibility to us. In Ref. 19 we noted that on the basis of an examination of inflow performance relations, non-Darcy flow may be the norm in solution-gas-drive reservoirs. On the basis of observations given here, it appears that non-Darcy flow may yield a constant value of b. This observation does not imply, however, that if field data suggest that b is a constant, this result is a consequence of non-Darcy flow because there are other factorslike changes in skin zone properties and drainage area-that could cause this behavior. The above observations are important in understanding the consequences of using the Arps curves.
Let us now consider the computation of PV for the results shown in Fig. 6 . Fetkovich et ai. 7 suggest that it is possible to obtain reservoir PV from the match shown in Fig. 6 by the relation It is important to realize that Eqs. 28 and 29 are approximate. For some simulations we conducted, these expressions were very good approximations; in other cases they were inadequate. The development given above also suggests a procedure to predict flow rates over short time spans without the use of relative permeability data or decline curves. Here, we present a simple procedure to predict flow rates over short time spans that is similar to the inflow performance relationship (IPR) predictions of Standing 21 and Fetkovich. 22 Numerical computations suggest that for constant-pressure production, respect to time, evaluating the resulting expression at r w' and considering Eqs. 5 and 36, we obtain the following expression for constant-pressure production. Eq. 37 can also be written as If we now assume that ii "'" Op2, where 0 is a constant, as suggested by Fetkovich,22 Eq. 38 yields Figs. 9 and 10 show the use of Eq. 43 to predict' flow rates. Results of flow rates vs. average reservoir pressure with both data sets are presented. The filled-in data in Fig. 9 correspond to Data Set 1, and the data in Fig. 10 Other details are given in Figs. 9 and 10 . Results are nonnalized by the initial pair of values. The circular data points reflect the predictions made by using Eq. 43 with the second pair of data points taken at tiAD,p =0.124 and tiAD,p =0.117 for Data Sets 1 and 2, respectively. The square data points represent results with qo andp values at the same ti as the circular points but with the other pair of qo and p values at a time tp greater than that for the circular points (tiAD,p =4.4095 for Data Set 1 and tiAD,p = 1.3435 for Data Set 2). Agreement with the numerical solution is excellent in three of the four cases considered here. For the case corresponding to the circular data points in Fig. 9, agreement Because pseudopressure is a function of pressure and saturation, it is possible that either one or both of these variables-pressure and/or saturation-is a function of X D and XsD in the corresponding range of radial distance. This possibility was explored and it was found that pressure is a function of XsD for 1:!5 rD:!5 rsD and X D for rsD:!5 rD:!5 reD' Saturation, however, is not a unique function of these variables. Fig. II illustrates the point that pressure is a function of XsD or X D . In Fig. 11 , the pressure ratio p(r,t)lpi has been correlated for t iAD <!: 0.1. The data points correspond to Data Set 1 with s=lO, r s D=4.105, and reD =8,000. The dimensionless rate, qocD, in where k s = skin-zone permeability. Substituting the right side of Eq. 51 into Eq. 55 for aplar, neglecting (rwlre)2, and using Eq.
Bo(p) t-t* qo(t-t*)
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..,.., Eq. 56, of course, is also valid for s=O. The importance of this expression to solution-gas~drive systems is that it is a generalization of the pseudosteady-state concept at the positions r w and To The question that needs to be addressed at this point is whether the generalization of the pseudosteady-state concept is valid at other positions in the reservoir. To answer this question, let us consider for simplicity the region outside the skin zone. Differentiating Eq. 50 with respect to rand t and combining the resulting equations, we obtain a r e dp/dt
Refs. 1 and 2 show that during the boundary-dominated flow period, the following expression is valid: Com~aring Eq. 61 with Eq. 62, we can conclude that the integral te:m In Eq. 62 can be considered to be negligible when compared with the other tenns. This observation has been confirmed by numerical results. In fact, it has been found that the integral.in Eq. 62 may even be considered negligible toward the end of the transient flow period. The same result is also true for constant-wellborepressure production for the boundary-dominated flow (Eq. 36) and during the transient flow period, as reported by Camacho-V. 8 Fig . 12 
Conclusions
In the past 20 years, it has been shown that decline-curve analysis involves the same basic principles as well-test analysis. 7 Unfortunately, like well-test analysis, extensions to multiphase-flow situations and the development of theoretical foundations for multiphase-flow conditions have been based on analogy and empiricism. Most disconcerting is that it is normally impossible to reproduce Arps' decline curves with numerical models, although these models reproduce the behavior of wells for other conditions very well. 2 ,6 This fact suggests that an important gap exists in our understanding of the physical mechanisms that influence well behavior in solution-gas-drive systems. This study attempted to provide a general framework for studying well performance for multiphase flow in general and solution-gas drive in particular and fills an important gap by highlighting the basic assumptions in the use of Arps' equations. It is surprising that the basis for the Arps equations has not been examined until now. This rigorous examination permits us to evaluate the consequences of predictions based on the Arps equations and also provides us with an improved analysis procedure for predicting well performance by use of Arps' exponential decline curve. In addition, the role of various variables-such as well spacing, well condition, and fluid and formation properties (see Conclusions 1 and 2)-on performance predictions have been examined. Besides examining decline-curve analysis, a simple expression for predicting flow rates over short time spans has been presented. The advantage of the method is that relative permeability and fluid-property data are not needed. This empirical procedure is particularly suited for predicting future IPR' s. _ I. The variable d i in Arps' equations depends on the function Atlc t . This function must be approximately constant with time to obtain an exponentilll decline in rate. 2. The function criAt must vary linearly with time for the decline exponent, b, in the Arps equations to be independent of time.
3. Exponential decline behav~r can be used to apJ>roximate ~ro duction rate if a pseudotime, T, based on c t and At is used. 0 4. If transient data are used with Arps' decline curves, theoretical justification exists for the conclusion that b will be a function of time and will take values greater than unity in most of the cases.
5. For constant-oil-rate production, the pressure distribution in the reservoir can be correlated as a function of distance and time.
6. The concept of pseudo steady-state can be extended to solutiongas-drive systems. The product Ciaplat is approximately independent of distance during boundary-dominated flow. 
